Intensifications of the rate of diffusion-controlled electrochemical and catalytic reactions taking place at the outer surface of a helical coil imbedded in an inert fixed bed of cylinders acting as turbulence promoters was studied using the electrochemical technique. The technique involved measuring the limiting current of the cathodic reduction of K 3 Fe(CN) 6 in a large excess of NaOH as a supporting electrolyte.
The variables studied were solution velocity, packing cylinder diameter, helical coil tube diameter, and physical properties of the solution. The rate of mass transfer at the outer surface of the coil was found to increase with increasing solution velocity and decreasing packing cylinder diameter, helical coil tube diameter was found to have a little effect on the rate of mass transfer. The data were correlated with the dimensionless equation 
Introduction
Recently, there has been substantial progress in the design of heterogeneous reactors (electrochemical reactors and catalytic reactors) used to conduct exothermic catalytic and electrochemical reactions, especially those involving heat-sensitive material that need rapid cooling. Previous studies dealing with such reactions have used heat exchanger/reactor, which consists of an array of vertical or horizontal tubes; the outer surface of the tubes acts as a catalyst support or electrode, while the inner surface of the tubes acts as a heat exchanger through which a coolant is passed to absorb excess heat generated on the outside surface [1] [2] [3] [4] . Such reactors with a built-in heat transfer facility would reduce the capital costs of the process owing to the elimination of the need for an external heat exchanger. Examples of exothermic reactions that need rapid temperature control include electro-organic synthesis and immobilized cell biochemical reactions. According to Baily and Ollis 5 , cells use chemical energy quite efficiently; like any real process, some of the energy in the substrate is released as heat. This metabolic heat generation dictates cooling requirements for bioreactors which harbor the cells. During electro-organic synthesis, a considerable amount of heat (Q) is generated as a result of the conversion of electrical energy used to overcome polarization at the two electrodes and ohmic drop in the solution into heat, according to the equation 6, 7 cathode anode η η
This heat may adversely affect reaction selectivity and product yield besides decomposing heat-sensitive products. In case of exothermic cata-lytic reactions, rapid heat removal is essential in order to (i) increase the equilibrium yield of the product, especially in case of reversible reactions, (ii) eliminate hot spots which lead to catalyst deactivation and loss of selectivity and yield, (iii) tame runaway reactions.
The aim of the present work was to intensify the rate of mass and heat transfer (by analogy) at the outer surface of a helical coil electrode or catalyst support by imbedding the helical coil in an inert fixed bed of cylinders acting as a turbulence promoter. The use of inert fixed bed of particles as turbulence promoter has been employed with other electrode geometries, such as vertical cylinders and plates to enhance the rate of diffusion-controlled reactions [8] [9] [10] [11] . The advantages of using helical coils as a heat exchanger/reactor over straight tubes are: (i) helical coils are more compact and hence have a higher area per unit volume, which gives rise to high-space time yield, (ii) the rate of heat transfer inside helical coils is much higher than in straight tubes 12 . Although the heat and mass transfer behavior of the outer and inner sides of helical coils was studied under different hydrodynamic conditions [12] [13] [14] [15] [16] , no previous studies have been reported on the use of inert fixed beds to enhance the rate of heat or mass transfer at the coil outer surface. The mass transfer behavior of the outer surface of a helical tube was studied using the electrochemical technique, which involves measuring the limiting current of the cathodic reduction of K 3 Fe(CN) 6 in a large excess of NaOH as a supporting electrolyte 17 .
Materials and methods
The apparatus ( Fig. 1 ) consisted of the reactor, flow circuit, and electrical circuit. The reactor was a plexiglass column of 0.18 m diameter and 0.7 m height, it was divided into three sections: the inlet section had a height of 0.25 m and was packed with glass spheres of 0.016 m diameter, the working section which contained the cell had a height of 0.2 m. The cell consisted of a nickel-plated copper helical coil cathode of diameter 0.09 m and a pitch of 0.005 m. Three helical coils with tube diameters 0.006, 0.01, and 0.016 m were used. For the sake of uniform current distribution at the helical coil cathode, two stainless steel anodes were used, a central rod anode, and a cylindrical anode lining the reactor wall around the coil. The cell was imbedded in an inert fixed bed of plastic cylinders, three different packing cylinder diameters were used: 0.008, 0.01, and 0.012 m, cylinders were packed in the bed at random, cylinder aspect ratio (length/diameter) = 1, bed porosity (є) for cylinder diameter 0.008, 0.01, 0.012 m was 0.47, 0.482, and 0.514, respectively. . The electrical circuit consisted of 10 V dc power supply with a voltage regulator, the power supply was connected in series with a digital ammeter and the cells, a digital voltmeter was connected in parallel with the cell to measure its voltage. The limiting current of the cathodic reduction of K 3 Fe(CN) 6 was determined by increasing the current stepwise and measuring the corresponding cell voltage until the limiting current plateau was reached. In view of the high area of the anode compared to the cathode along with the high ferro/ferricyanide concentration ratio, the anode was taken as a reference electrode against which the cathode potential was measured 17 . Three different solution compositions were used in the present study, namely: 0.01 M K 3 Fe(CN) 6 + 0.1 M K 4 Fe(CN) 6 + 1 N NaOH, 0.01 M K 3 Fe(CN) 6 + 0.1 M K 4 Fe(CN) 6 + 2 N NaOH, and 0.01 M K 3 Fe(CN) 6 + 0.1 M K 4 Fe(CN) 6 + 3 N NaOH.
All solutions were prepared using distilled water and A. R chemicals. Solution viscosity and solution density needed for data correlation were determined by an Ostwald viscometer and density bottle, respectively 18 , ferricyanide diffusivity was taken from the literature 17, 19 . Results and discussion Fig. 3 shows that the mass transfer coefficient at the helical coil increases with increasing superficial solution velocity, according to the equation The exponent 0.52 agrees fairly with the value 0.5 predicated from the hydrodynamic boundary layer at horizontal cylinders, according to which the thickness of the hydrodynamic boundary layer and the underlying diffusion layer (δ) surrounding the helical coil tube decrease with increasing solution velocity 6, 7, 20 . Fig. 4 shows the effect of inert packing particle size on the mass transfer coefficient at the helical coil, the mass transfer coefficient decreases with increasing particle size diameter, according to the equation 2 .32 1
The increase in the mass transfer coefficient with decreasing packing particle size is attributed to: (i) The increase in the interstitial solution velocity as a result of decreasing the available cross-sectional area of the reactor through which the solution flows. In other words, as the particle size decreases, the bed porosity (∈) decreases with a consequent increase in the interstitial velocity (V i ), according to the equation
The superficial solution velocity (V) is obtained by dividing the volumetric flow rate by the cross-section of the empty container.
(ii) As the particle size decreases (preferential solution flow at the container wall rather than through the bed), channeling decreases with a consequent increase in the uniformity of flow through the bed 21 . The present finding that the mass transfer coefficient at the coil surface increases with decreasing packing particle size is consistent with the results of other authors who used vertical cylinders and plates as a transfer surface 8, 11, 22 . To demonstrate the role of bed packing particle in enhancing the rate of mass transfer at the imbedded helical coil, a comparison of the present data with the data obtained at helical coil under single-phase flow in a cylindrical vessel without packing by Abdel-Aziz et al. 14 , the authors correlated their data using the equation Helical coil tube diameter was used as a characteristic length in calculating Sh and Re by the authors. Fig. 5 shows that, for a given set of conditions, the present data lie above the data obtained in unpacked reactor. The enhancing effect of the packing particles is attributed to the favorable hydrodynamic conditions induced by the packing particles, namely: (i) the formation of turbulent wake behind each particle as a result of boundary layer separation from the particles beside the increase in the interstitial solution velocity as a result of the decrease in the available cross-sectional flow area of the container, (ii) the presence of packing particles around the helical coil tube disrupts the continuity of the developing hydrodynamic boundary layer around the helical coil tube, the repeated buildup and destruction of the hydrodynamic boundary layer, and the underlying diffusion layer at points of contact between the coil and the packing particles decreases the average thickness of the diffusion layer and increases the rate of mass transfer. Fig. 6 shows the effect of helical tube diameter on the mass transfer coefficient. The data show that coil tube diameter has a negligible effect on the mass transfer coefficient probably because of the turbulent nature of the flow surrounding the helical coil 6, 7, 20 as a result of turbulent wake formation behind packing particles. Another possible explanation for the effect of helical tube diameter on the rate of mass transfer is that tube diameter under the present conditions has two opposing effects: (i) The average diffusion layer thickness tends to increase with increasing tube diameter 6, 7, 20 . This effect should lower the average mass transfer coefficient at the helical coil (k = D / δ). (ii) As the diameter of the coil increases the volume occupied by the coil increases, which contributes to lowering the available flow cross-sectional area (along with the packing) with a consequent increase in the interstitial velocity and the mass transfer coefficient. The finding that helical tube diameter has a little effect on the mass transfer coefficient may suggest that the two opposing effects balance each other.
An overall mass transfer correlation was envisaged in terms of the dimensionless groups Sh, Sc, and Re usually used in correlating mass transfer under forced convection, an extra dimensionless group (d p /d) was used to account for the effect of packing particle diameter. Fig. 7 shows that the present data for the conditions 1253<Sc<2778, 6<Re<80, and 0.044<(d p /d)<0.067 fit the equation 
with an average deviation of ±16.81 % and a standard deviation of 10.02 %, where d p is the packing particle diameter, and d is the container diameter. Re was calculated using particle diameter d p as a characteristic length, while Sh was calculated using 6, 7, 20 . Although the analogy between heat and mass transfer is established in case of simple geometries, such as tubes, it is unsafe to assume that the analogy is valid under the present complex situation, and therefore, equation (7) cannot be used exactly to predict the heat transfer coefficient at the helical coil surface because of the difference in heat and mass transfer mechanisms under the present conditions. Mass is transferred between the coil and the bed by convection and diffusion, while heat transfer between the coil and the bed takes place by convection, thermal diffusion, and conduction between the bed particles and the coil. It is certain that the rate of heat transfer between the bed and the coil will be enhanced by turbulence generation and thermal conduction by the particles contacting the coil. A future heat transfer study is needed to quantify the rate of heat transfer between the bed and the helical coil.
Conclusions
The present results show that a helical coil imbedded in an inert fixed bed of cylinders can form the basis of a continuous high space-time yield electrochemical and catalytic reactor with a built-in heat transfer facility. The reactor is suitable for conducting exothermic diffusion-controlled liquidsolid reactions that need rapid cooling, such as electro-organic synthesis involving heat-sensitive products and immobilized-cell biochemical reactions, where the outer surface of the coil acts as an electrode or a catalyst support, and the inner surface of the coil acts as a cooler. The high rate of mass transfer induced by the turbulence promoter and the high residence time arising from the low feed rate used in the present work combine to increase the degree of conversion per pass.
The dimensionless mass transfer correlation obtained in the present study can be used to scale up and operate the present reactor. To increase the productivity of the present catalytic reactor, a number of coaxial (parallel) helical coils of different coil diameter can be used in practice.
Although the productivity of the imbedded helical coil is about 11 times the unimbedded helical coil, it is expected that the pumping power, in the case of the imbedded coil, would be higher than that of the unimbedded coil. Accordingly, future studies should address this issue to make sure that the benefits of increasing the rate of production by fixed bed turbulence promoters outweigh the extra cost incurred by the increase in pressure drop across the bed and pumping power.
In addition, future studies should deal with measuring the rate of heat transfer at helical coils imbedded in fixed beds to quantify the rate of heat transfer between the bed and the coil. 
